We demonstrate that a population of blazars can describe the observed spectrum and composition of Ultra-High-Energy Cosmic Rays (UHECRs), and that the dominant contribution comes from low-luminosity BL Lacs. However, a sub-dominant contribution from high-luminosity blazars can lead to a substantial neutrino flux which will peak at EeV energies. We find that it is plausible that this neutrino flux from the sources outshines the cosmogenic neutrino flux produced during the propagation of UHECRs. This has profound implications for the high-energy (EeV) neutrino detection experiments: their main target may be source neutrinos, for which additional search strategies can be used, such as stacking searches, flare analyses, or multi-messenger follow-ups. * Electronic address: xavier.rodrigues@desy.de † Electronic address: jonas.heinze@desy.de ‡ Electronic address: andrea.palladino@desy.de § Electronic address: arjen.van.vliet@desy.de ¶
Blazars are Active Galactic Nuclei (AGN) with their jets pointed towards Earth; they contribute more than 80% of the Extragalactic Gamma-ray Background (EGB) [1] , dominating the gamma-ray emission above 50 GeV. In addition, there are strong indications for correlations in arrival directions of UHECRs with extragalactic gamma-ray sources, including AGN [2] . Blazars are also one of the candidate classes which may have sufficient power to maintain the UHECR flux. As a consequence, it is natural to consider blazars as possible origin of the observed UHECRs.
On the other hand, a diffuse flux of high-energy astrophysical neutrinos has been discovered [3] . This may be a direct indicator for the origin of UHECRs because neutrinos point back directly to their sources, while UHE-CRs are deflected by (Galactic and extragalactic) magnetic fields. The recent detection of neutrinos from the flaring blazar TXS 0506+056 provides further evidence that cosmic rays are accelerated in blazars [4, 5] , see also earlier results [6] . However, dedicated experimental searches for neutrinos from known objects in catalogues limit the contribution of these objects to below about 20% [7] . This means that observable gamma-ray blazars are probably not the dominant source of neutrinos at TeV-PeV energies. At the same time, it cannot be excluded that neutrino sources at EeV (∼ 10 18 eV = 10 9 GeV) energies exist, where currently only upper limits are placed [8, 9] . Indeed, if blazars significantly contribute to the UHECRs flux, they will need to accelerate protons and cosmic-ray nuclei up to ∼ 10 20 eV. The neutrinos from AGN are expected to carry a fraction of the primary energy, 0.05 E p for protons, which means that a significant neutrino flux is expected in the EeV energy range.
Cosmogenic neutrinos are neutrinos produced in UHECR interactions during their propagation over extragalactic distances. They are the main target for radio-detection neutrino experiments in the EeV range such as the radio array of IceCube-Gen2 [10] , GRAND [11] , ARA [12] and AR-IANNA [13] . Recent descriptions of the UHECR spectrum and composition, however, indicate that the maximum energies are limited by the accelerators; they can be described by a rigidity-dependent maximum energy E CR ∝ Z with Z the charge of the nucleus [14] . Such an energy dependence is, for instance, generated if the Larmor radius of a particle is to be confined within a certain region of fixed size. This framework, however, implies very small cosmogenic neutrino fluxes [15, 16] , although a potential significant contribution to the neutrino flux from a sub-dominant proton population is tolerable by data [17] . In this letter we scrutinize the hypothesis that the EeV neutrino sky is dominated by cosmogenic neutrinos, and we demonstrate that source neutrinos may be the foreground.
The production of UHECRs or neutrinos in blazars has been studied in previous works (see e.g. Refs. [18] [19] [20] [21] ). However, a self-consistent description of the UHECR spectrum and composition including a neutrino flux prediction from the AGN population has so far been missing. Furthermore, most EeV neutrino source models lack the motivation for such high cosmic ray energies. This motivation could be either that data on the UHECR spectrum and composition are well described (such as in Refs. [22] [23] [24] for other source classes), or that a description for particle acceleration to UHECR energies exists (e.g. Refs. [25, 26] for AGN) -whereas normally ad hoc assumptions for the maximum energy (or acceleration efficiency) are made. The model in this work satisfies both criteria, as we employ recent results based on numerical simulations that suggest that cosmic rays in AGNs can be re-accelerated by the jet to energies as high as 10 20 eV [26] . We also adopt the composition of accelerated cosmic rays suggested in that work, which strongly constrains our model's flexibility to describe UHECR data. We also combine different populations of blazars: low-luminosity BL Lacs, high-luminosity BL Lacs, and Flat-Spectrum Radio Quasars (FSRQs), each with different characteristics. Compared to an earlier work [27] , the purpose here is to describe UHECR data and study the implications for the neutrino fluxes instead of describing PeV neutrino data (which requires much lower cosmic-ray acceleration energies).
We simulate sources (blazars) and UHECR propagation in a combined source-propagation model. It has three ingredients: simulation of photo-hadronic processes of UHE-CRs in blazar jets; simulation of the propagation of the escaping cosmic rays towards Earth, including cosmogenic neutrino production; comparison of the diffuse UHECR and neutrino fluxes from the entire blazar population with measured observables. Here, we sketch the basic ingredients of our model, and we refer to Appendix A for details.
A mechanism that is capable of re-accelerating cosmic rays in blazar jets up to energies of ∼ 100 EeV has been suggested recently [26] . The accelerated UHECRs will interact with target photons in the jet, leading to photodisintegration and photo-pion production. The latter process leads to the emission of neutrinos, which, in environments with moderate magnetic fields such as blazars, will have energies that follow the energy of the primary nuclei. We simulate these radiative processes in blazar jets numerically, using the NeuCosmA code [28, 29] and the blazar model introduced in Ref. [20] . For BL Lacs, we use a one-zone model where the cosmic rays interact with the non-thermal radiation produced in the jet. For FSRQs, photons emitted from the broad line region and the dust torus provide additional targets for the photo-hadronic interactions, which enhance the neutrino emission.
Following Ref. [26] , we consider a fixed mass composition of the accelerated cosmic rays, which consists of a mixture of four mass groups: protons, helium-4, nitrogen-14 and iron-56, with relative abundances [1, 0.46, 0.30, 0.14], respectively, which roughly follows the Galactic cosmic-ray composition. The maximum energy of each of these four mass groups is determined self-consistently; it is the energy at which the particle's energy losses become more efficient than the acceleration. Evidently, this depends on the luminosity of each blazar and on the magnetic field strength in the jet, as detailed in Appendix A. The spectrum following target photons in the jet is adopted from the so-called blazar sequence [30, 31] , an assumption used in previous multi-messenger studies of blazars [19, 20] . These spectra are based on an average of multi-wavelength blazar observations, and are assumed to depend only on the blazar's gamma-ray luminosity, L γ . Specifically, brighter blazars exhibit non-thermal broadband emission at lower frequencies. The hadronic interactions of the accelerated isotopes with this static photon field leads to a nuclear cascade of lighter species, each of which is treated self-consistently throughout the simulation. The mechanism by which the cosmic rays escape the jet will also influence the emitted cosmic-ray spectrum and composition; see Appendix A. It allows for a relatively hard emission spectral index, which is necessary to be able to fit the measured UHECR spectrum and composition at Earth (see e.g. [14, 16] ).
We combine individual blazars from three populations to estimate the contribution from the entire blazar population, for which we adopt the cosmological blazar evolution model by Ajello et al. [32, 33] . This model is illustrated in Fig. 1 as a function of redshift and gamma-ray luminosity; it was created to describe the diffuse gamma-ray flux. For example, FSRQs are (on average) brighter in gamma rays, making them the most efficient neutrino-emitting blazars [20] . Low-luminosity BL Lacs, on the other hand, have the highest efficiency in UHECR emission of all blazar sub- classes, since the low photon densities in the jet allow the survival and escape of the accelerated nuclei. Additionally, this source class is expected to have a strong negative cosmological evolution (most sources have a redshift z < 0.5 as shown in Fig. 1 ), which further minimizes cosmic-ray energy losses during propagation.
We then calculate the extragalactic propagation of UHE-CRs from this blazar population until Earth using the novel numerical code PriNCe [16] . Photo-hadronic interactions with the extragalactic background light (EBL) and the cosmic microwave background (CMB) lead to the cooling of the cosmic rays during propagation, as well as the creation of lighter elements and the emission of cosmogenic neutrinos. Cosmic expansion additionally leads to the adiabatic cooling of the cosmic rays.
The source-propagation model has been applied to a wide range of values of four blazar properties: baryonic loading, acceleration efficiency, cosmic-ray escape mechanism and size of the production region (see Appendix A), which can each have different values for low-luminosity BL Lacs, highluminosity BL Lacs, and FSRQs. Other model parameters, such as the relative abundances of the accelerated cosmic rays, have been fixed. This choice increases the predictive power of the model, at the expense of freedom in describing UHECR data, and it limits the computational effort. The objective of the parameter scan has been twofold: (a) to investigate how well the blazar population can explain the UHECR spectrum observed by the Pierre Auger Observatory (henceforth, Auger ) [34] , as well as the air shower measurements indicative of the mass composition of UHECRs [35] ; and (b) to study what the minimum and maximum expected fluxes of both source and cosmogenic neutrinos are, particularly in the EeV range -while the current IceCube limits at lower energies are to be obeyed [7] .
We present our main result describing UHECR spectrum and composition together with the predicted neutrino fluxes in Fig. 2 -see Appendix B for how we come to this conclusion for the combination of the different blazar populations. Although this result captures the general tendency of a heavier composition with energy, the data points are not extremely well described because the original composition of the accelerated cosmic-rays has not been optimized, but was instead fixed to a composition motivated by Ref. [26] .
In the upper left panel, we demonstrate that it is possible to interpret the shape of the UHECRs flux (at and above the ankle) with a dominant contribution from lowluminosity BL Lacs. On the other hand, these objects do not provide a relevant contribution to the high-energy neutrino flux (see upper right panel). Neutrino production is relatively inefficient in these sources because of low targetphoton densities, which means that the neutrino flux is dominated by cosmogenic neutrinos.
However, high-energy neutrinos are efficiently produced in high-luminosity blazars, such as FSRQs, where the photon density is high. In this case the neutrino flux is predominantly constrained by the upper limits provided by IceCube -and less by the cosmic-ray data. Indeed, FSRQs give a small contribution to the UHECRs flux, at a level of 10% above EeV energies, although this contribution does improve the composition observables. Therefore, the neutrino flux from FSRQs is not guaranteed, and can only be regarded as a (viable) possibility.
From the upper right panel we see that the neutrino flux from sources is (in the best case) higher than the cosmogenic neutrino flux. This is a very important result, since the next generation of EeV neutrino telescopes has been designed for the purpose to detect cosmogenic neutrinos. However, in the scenario illustrated above, high-energy neutrinos from FSRQs might be the foreground and cosmogenic neutrinos the background. It is important to remember that cosmogenic neutrinos are isotropically distributed, while source neutrinos point directly to the sources, which allows for different detection techniques, such as stacking searches, flare analyses or multi-messenger follow-ups. It is also interesting that the sources may even contribute a few events at PeV energies, but the predicted flux is well below the current stacking limit.
In Fig. 3 we represent the possible ranges for source neutrinos (blue band) and cosmogenic neutrinos (brown band) inferred from our analysis. The most optimistic case for source neutrinos corresponds to the right panel of Fig. 2 .
However, since the neutrino flux from FSRQs is not constrained by UHECRs, the flux can be lower. If FSRQs were purely leptonic sources, they would not contribute to the neutrino fluxes at all, and low-luminosity BL Lacs would dominate both neutrino fluxes. A minimum for the cosmogenic neutrino flux can be obtained when low-luminosity BL Lacs power the UHECRs flux -which is, however, difficult to detect with the future instruments currently proposed. The maximal cosmogenic neutrino flux has been obtained for the model dominated by high-luminosity BL Lacs in Appendix B, which may outshine the source neutrinos in that case. The question of whether cosmogenic neutrinos are foreground or background therefore depends somewhat on the model assumptions.
In summary, we have performed a self-consistent description of blazars as the sources of the UHECRs, including: a source model treating the nuclear cascade in the sources, an UHECR transport model, and a blazar population model describing the extragalactic gamma-ray background and the evolution of the spectral energy distribution. The acceleration model and expected injection composition have been well motivated from the literature.
We find that low-luminosity BL Lacs can describe the UHECR spectrum and composition, while the expected neutrino fluxes are low. However, we point out that a substantial contribution from high-luminosity BL Lacs and FS-RQs, which does not dominate the UHECR description but does improve it, can lead to large source and cosmogenic neutrino fluxes within the reach of upcoming experiments.
We, furthermore, highlight that astrophysical source neutrinos from blazars may outshine the cosmogenic neutrino flux, which means that cosmogenic neutrinos could actually be the background and not the foreground at EeV neutrino energies. Since source neutrinos can be identified and disentangled with different techniques, such as stacking searches, flare analyses, or multi-messenger follow-up, this result has profound implications for the planning and analysis of future radio-detection experiments in the EeV range, and will open a new field of research. Note that the source neutrino flux spans over many orders of magnitude in energy, even combined analysis between TeV-PeV and EeV neutrino experiments will be of great interest. [36] ), the stacking limit for blazars assuming a spectral index of 2.2 (green band, [7] ), and the upper limits up to extremely high energies (blue curve, [8] ). Also shown are the expected sensitivities of the future radio array of IceCube-Gen2 (olive green, [10] ) and of the planned radio neutrino detector GRAND [11] . The two bottom panels show the average (bottom left) and standard deviation (bottom right) of the depth of the cosmic-ray shower maximum, Xmax, compared to Auger measurements [35] . The colored lines correspond to the values expected for different isotopes according to the Epos-LHC air shower model [35] . 
APPENDIX A: METHODS
We now discuss in greater detail the methods used in calculating the diffuse flux of UHECRs and neutrinos from the blazar population.
The simulation of UHECR interactions in blazar jets closely follows the methods described by Rodrigues et al. [20] . The spectral energy distribution (SED) of each blazar depends only on its gamma-ray luminosity in the Fermi -LAT range, following the latest parametrization of the blazar sequence [31] , which is based on the recent Fermi 3LAC catalog [37] . While this is a simplistic approach for describing the whole blazar population, which may contain different SEDs outside this scheme, it is a computationally accessible approach expected to reproduce a good result if the outliers do not dominate. The luminosity spectrum is converted into an energy density in the jet assuming that cosmic-ray interactions occur in a spherical region (blob) of a given radius. These cosmic rays are assumed to be accelerated somewhere in the blazar jet, and are then injected into this blob where they interact with the photon field.
The blob is assumed to travel with a Doppler factor (from the observer's perspective) of δ = 10. On the other hand, the size of the blob in the co-moving frame of the jet 1 , R blob = δ R blob , was kept as a variable parameter whose value was optimized in each example, as described in Appendix B.
The photon spectrum in the blob is considered to be static during the simulation, and we assume it is produced independently by a population of non-thermal electrons that are also accelerated in the jet together with the cosmicray nuclei. The magnetic-field strength in the jet is assumed to scale as a power law of the blazar's gamma-ray luminosity, following Appendix A of Ref. [20] .
The photo-hadronic interactions of the cosmic-ray nuclei with the photons in the blob are calculated using the NeuCosmA code [28, 29] , which consists of a timedependent solver of a system of partial differential equations that describe the evolution of each particle species involved. This consists of a series of hundreds of nuclear isotopes with masses from hydrogen up to iron-56, photons, pions, muons and neutrinos, which are produced through the decay of these particles. The simulated interactions include pair production, photo-meson production, and photo-disintegration (in the case of nuclei heavier than protons). Photo-disintegration leads to the break-up of nuclear species into lighter elements, and in NeuCosmA this is calculated using the Talys model [38] .
The cosmic rays are assumed to be accelerated to a power-law spectrum with an exponential cutoff:
where E is the energy of the nucleus in the jet rest frame, dN/dE is the differential energy density of this nuclear species in the jet, and E max is the maximum injection energy where the cutoff occurs. As mentioned in the main text, the maximum energy of the injected isotopes is calculated self-consistently by balancing the timescales of the acceleration process and the leading cooling process, following the method explained in Ref. [20] . The acceleration timescale depends on the acceleration efficiency parameter, η acc ≤ 1, defined as the ratio between the Larmor time of the cosmic rays and their acceleration timescale. Therefore, the value of the acceleration efficiency will determine the maximum energy E max achieved by each nuclear species in the different sources. The acceleration efficiency was also kept as a variable parameter. However, the range of values scanned in this work were all consistent with Ref. [26] in that they allow for the acceleration of cosmic rays up to ultra-high energies. Compared to Ref. [26] , however, we include the possibility that, depending on the parameters, other processes (such as photo-disintegration) may limit the maximum energy.
As discussed in the main text, we fix the relative normalizations of the injection spectra of the different isotopes, motivated by Ref. [26] . Additionally, there is an overall normalization factor that determines how much total power in cosmic rays is accelerated in a blazar. This is given by the baryonic loading, defined as the ratio between the total power in accelerated cosmic rays and the gamma-ray luminosity of the source (above 100 MeV). This factor was also kept free in order to have the flexibility of describing cosmic-ray and neutrino flux levels.
The mechanism by which cosmic rays escape from the jet is another factor determining the emitted cosmic-ray spectrum; see Sec. IIIB of Ref. [39] for a detailed discussion. We have considered two possible mechanisms, which are simulated by choosing a different cosmic-ray escape rate t −1 esc as a function of energy. In the example shown in the main text, the cosmic-ray escape rate is given as a log-parabola in terms of the cosmic-ray energy [39] [40] [41] 
Thus, at the maximum energy of each cosmic-ray species (calculated with the method described above), its escape rate is maximal and corresponds to free-streaming out of the blob, while at lower cosmic-ray energies, the escape is severely suppressed. The other tested escape mechanism was advective escape [19] , where all cosmic rays can free-stream out of the blob regardless of their energy, t −1 esc = c/R blob . Physically, this corresponds to the scenario where cosmic-ray escape is driven by advection due to, for instance, relativistic winds. None of the best-case scenarios in the all-blazar case explored in the main text use advective escape, but it will be considered in Appendix B where we will discuss alternative scenarios involving only one blazar sub-class at a time, in order to dissect their individual contributions.
The blob radius, acceleration efficiency, baryonic loading and cosmic-ray escape mechanism were the only blazar properties that were allowed to vary in this work (as detailed in Tab. I in Appendix B). In each simulation these four parameters were considered to be the same across all blazars of any given sub-class: FSRQs, high-luminosity BL Lacs and low-luminosity BL Lacs.
For high-luminosity FSRQs, which are assumed to have large broad-line regions and in some cases a dusty torus, the cosmic rays that escape the jet will continue interacting with external fields of thermal and atomic broad-line emission from these structures. We therefore implement a three-zone model for cosmic-ray escape in these sources. This leads to an additional cooling of the UHECRs and additional neutrino production in these bright FSRQs compared to a BL Lac with the same luminosity. The threshold between a one-zone and a three-zone model is related only to the gamma-ray luminosity of the FSRQ, as detailed in Ref. [20] ; see also that reference for further details about the assumptions and the numerical implementation of this model.
The cosmological evolution of blazars follows Ajello et al. [32, 33] and is described in terms of a distribution in redshift, luminosity and spectral index (assuming a power-law spectrum in the Fermi-LAT energy window). We integrate the distribution over the spectral index, obtaining a distribution in redshift and luminosity, as shown in Fig. 1 . In this description, high-luminosity BL Lacs (L γ ≥ 3.5×10 45 ) and FSRQs have positive source evolutions, with a peak around redshift z = 1. These objects are quite rare, with typical local densities < 1 Gpc −3 . On the other hand, lowluminosity BL Lacs (L γ < 3.5 × 10 45 ) have a negative evolution with redshift, which means they are most abundant in the local Universe. These objects have local densities higher than the high luminosity ones, with typical values between 1 and 100 Gpc −3 .
The simulation of the propagation of UHECRs from their sources to Earth is performed using the PriNCe code. Written in Python, PriNCe uses a vectorized formulation of the UHECR transport equation taking into account the full nuclear cascade due to photodisintegration and photo-meson production, as well as energy losses due to cosmological expansion and pair production. PriNCe has been extensively cross-checked to reproduce results from both CRPropa [42] and SimProp [43] . Photo-disintegration interactions were calculated using the Puget-Stecker-Bredekamp (PSB) parametrization [44] . We adopted the Epos-LHC air-shower model [35] to convert the composition of UHECRs arriving at Earth into values for X max and σ(X max ). Further details regarding the PriNCe code can be found in Appendix A of Ref. [16] .
APPENDIX B: RESULTS (DETAILS)
In the result discussed in the main text, low-luminosity BL Lacs provide the largest contribution to the UHECR spectrum while the other blazar sub-classes play a subdominant role. Here, we explore the possibilities to describe UHECR spectrum and composition data with each individual blazar sub-class separately, keeping the limits on neutrino fluxes in mind. This shows that all of the blazar sub-classes are capable of exhausting the UHECR flux in a part of the energy range, with different associated neutrino fluxes. However, the combined all-blazar scenario explored in the main text gives the best explanation of the UHECR spectrum and composition together. Note that, in order to optimize the results for each specific source class separately, we re-run the parameter scan each time. Therefore, the parameters here are different from the ones that are used for the combined scenario, discussed in the main text; see Table I .
Low-Luminosity BL Lacs: We start by considering cosmic-ray and neutrino emission from low-luminosity BL Lacs only. We define low-luminosity BL Lacs as BL Lacs with a gamma-ray luminosity L γ ≤ 3.5 × 10 45 erg/s. The reason for this splitting point is related to their cosmological evolution, as discussed by Palladino et al. [27] (see also Fig. 1 ): BL Lacs below this threshold luminosity are characterized by a negative source evolution, whereas BL Lacs above this threshold luminosity are characterized by a positive source evolution, similarly to FSRQs. This may point towards different characteristics of the BL Lac source classes. We re-run a scan of the source parameters in order to best describe the UHECR spectrum and composition measurements. The result is shown in Fig. 4 and the corresponding parameter set is reported in Tab. I. While the fit to the cosmic-ray spectrum is similar to the main result in Fig. 2 , the composition is heavier due to the absence of the proton-rich contribution from more powerful blazars, leading to a worse fit of both X max and σ(X max ).
The neutrino flux from this source class is relatively low due to the relatively low density of photons inside the source, which makes the photo-hadronic interactions less efficient. For comparison, see the left panel of Fig. 15 of Ref. [20] , where the efficiency in neutrino production is reported as a function of the blazar luminosity. The cosmogenic neutrino flux is relatively low as well, because of the negative redshift evolution of low-luminosity BL Lacs. While UHECRs can only reach Earth when they are produced in the local Universe, cosmogenic neutrinos can reach us from much farther away. Closer sources (i.e. for a negative redshift evolution) lead, therefore, to fewer cosmogenic neutrinos arriving at Earth.
High-Luminosity BL Lacs: A high-luminosity BL Lacs only scenario is shown in Fig. 5 . Note that the source properties are different from the main result (Fig. 2) . In particular, a higher baryonic loading and a more efficient cosmicray escape mechanism (advection, cf. Tab. I and Appendix A) are implemented here. While the cosmic-ray spectrum is well described above the ankle up to the highest-energies, the composition is too light at high energies. This is due to the high luminosity of these sources, which increases photodisintegration of heavy nuclei inside the sources. Besides X max , the values of σ(X max ) obtained are also too large (bottom right panel). This is due to that, in this scenario, an advective cosmic-ray escape mechanism is necessary to explain the shape of the cosmic-ray spectrum. Cosmic rays are allowed to free-stream out of the source at all energies, leading to a strong mix of emitted isotopes and therefore, I: Parameter values of the four blazar parameters that have been tested in this work. The definitions of baryonic loading, acceleration efficiency, blob radius, and cosmic-ray escape mechanism are described in detail in Appendix A. The definitions of the parameters follow Ref. [20] . The parameter values indicated as main result correspond to Fig. 2 and Fig. 3 . The three bottom rows refer to the alternative parameter sets discussed in Appendix B. In all cases, the mass composition and spectral index of the accelerated cosmic rays, as well as other parameters describing blazar properties, have been fixed. Fig. 2 . This source class alone can explain the Auger flux in a large energy range at and above the ankle. However, without the contribution from high-luminosity BL Lacs and FSRQs, the overall composition is too heavy to explain the data, yielding a worse result than the main result in Fig. 2 where all blazar classes contribute.
a large variability in the atmospheric showers they initiate. On the contrary, a log-parabola escape rate (as considered for low-luminosity BL Lacs) leads to a rigidity-dependent escape, by predominantly allowing cosmic rays to escape close to their respective maximum energies. This leads to the decrease in σ(X max ) at higher energies observed in Fig. 4 , which is necessary to explain the data.
Concerning neutrinos, the expected flux is higher than in the low-luminosity BL Lacs case but lower than in the FSRQs case. This is because the neutrino emission is dominated by BL Lacs with L γ < 10 46 erg/s. These BL Lacs are abundant but not as efficient as FSRQs in producing neutrinos. On the other hand, high-luminosity BL Lacs are more abundant at high redshifts than low-luminosity BL Lacs (see also Fig. 1 ), leading to larger source and cosmogenic neutrino fluxes. Moreover, in this scenario a substantial contribution of protons and helium nuclei is present at higher energies -and the cosmogenic neutrino flux increases with lighter nuclei. Note that, although the source neutrino flux is lower than the cosmogenic flux in this case, it may be discriminated by flare or stacking searches.
Flat-Spectrum Radio Quasars: Finally, we consider a scenario where only FSRQs emit UHECRs. In the result discussed in the main text, the cosmic-ray flux from FSRQs was considerably lower than the one from low-luminosity BL Lacs. This was because FSRQs are very efficient neutrino emitters and are, therefore, strongly constrained by current neutrino flux limits (Fig. 2) . We now consider a High-luminosity BL Lacs only, above-ankle range However, the emitted UHECR composition is strongly mixed and dominated by light nuclei up to ∼ 10 11 GeV, due to the high luminosity and the advective escape mechanism used in this model. This therefore gives an UHECR composition at Earth which is not compatible with the measured σ(Xmax) data by Auger. different parameter set for FSRQs (bottom line of Tab. I), whose resulting observables are shown in Fig. 6 . The acceleration efficiency of FSRQs in this example is lower than in the main result, thus reducing the maximum energy attained by the cosmic rays in the source. Moreover, in this example cosmic rays escape the source through advection. As discussed in Appendix A, this mechanism is (a) energyindependent, leading to a softer emission spectrum, and (b) more efficient than the log-parabola escape considered in the main text, which means that a source with the same baryonic loading will emit a higher cosmic-ray luminosity. Aspect (a), together with the lower acceleration efficiency, leads to a cosmic-ray spectrum that peaks below the ankle, and strongly softens at ultra-high energies (top-left panel of Fig. 6 ). At the same time, aspect (b) means that cosmic rays from FSRQs can now reach the Auger flux level without violating current IceCube limits (in contrast to the example discussed in main text, where the contribution to the cosmic-ray flux from FSRQs is limited by IceCube limits to less than 10% in the sub-ankle region). In spite of the higher cosmic-ray flux, the baryonic loading of FSRQs in this example is in fact slightly lower than in the main result (cf. Tab. I), which demonstrates the effect of the advective escape on the cosmic-ray efficiency of the sources.
While the escape mechanism has a dramatic effect on the cosmic-ray spectrum emitted by blazars, it has minimal impact on neutrino production inside the source itself (see Ref. [20] ). On the contrary, the acceleration efficiency does in fact impact in-source neutrino production. In this example, the lower acceleration efficiency reduces the maximum cosmic-ray energies in the source, which leads to the suppression of EeV neutrinos (top-right panel of Fig. 6 ) compared to the result of Fig. 2 . In spite of this, FSRQs in this scenario would still emit a neutrino flux in the EeV range that would be detectable by future radio neutrino experiments.
Finally, we see that the cosmogenic neutrino flux at EeV energies is lower compared to the one expected from highluminosity BL Lacs only. The reason is that in the case of FSRQs a heavy composition is favored (pure iron at the highest energy), which reduces cosmogenic neutrino production.
Since each exclusive model (one population model) cannot describe UHECR data (spectrum and composition) completely satisfactorily, we present a combination in the main text. In that model, the low-luminosity BL Lacs dominate the UHECR flux with a rigidity-dependent maximum energy and hard (log-parabola) escape spectra, while the other populations help with the description of X max and σ(X max ). The source neutrino flux is driven by a FSRQs only, sub-ankle range FIG. 6: Expected UHECR spectrum and composition as well as source and cosmogenic neutrino fluxes for a model with only FSRQs (see Tab. I for simulation parameters). Measured data, limits and expected sensitivities are the same as in Fig. 2 . The advective cosmic-ray escape mechanism considered here leads to a softer UHECR spectrum that now peaks below the ankle. Since advection is also a more efficient escape mechanism, FSRQs are now better UHECR emitters, which makes them capable of reaching the Auger flux level in this range without violating current IceCube limits on the neutrino flux. Finally, the lower acceleration efficiency in this example reduces the maximum cosmic-ray energies in the source, therefore suppressing the EeV neutrino flux compared to that in Fig. 2 .
sub-dominant contribution to the UHECR flux from FS-RQs. We emphasize that, while this contribution may be lower for different parameter choices, it cannot be simply switched off without affecting the composition observables. We therefore anticipate that a substantial source neutrino flux could be plausible.
